Inhibitors of DNA gyrase in Escherichia coli exerted differential effects on the genetic transformation of Neisseria gonorrhoeae. When competent cells of the gonococcus were exposed to novobiocin before the uptake of transforming antibiotic resistance DNA, there was a 50 to 60% reduction in the number of transformants compared with the number of control untreated cells. Norfloxacin, a more potent inhibitor of DNA gyrase and an analog of nalidixic acid, nearly abolished the production of transformants by recipient cells. On the contrary, exposure of competent cells to nalidixic acid had no effect on transformant yield. The target of these inhibitors appears to be at the level of recombination. Possible mechanisms are discussed.
The chromosome of Escherichia coli can be isolated as a highly compacted structure which is organized into negatively supercoiled domains (29, 31) . Negative supercoiling of DNA facilitates unwinding of the duplex and therefore promotes those processes which require DNA denaturation, such as replication, transcription, and recombination (5, 7) . The introduction of negative supercoils in a DNA molecule as well as relaxation of such supertwists are carried out by DNA gyrase, a type II topoisomerase, originally described in E. coli (9) . Gyrase is composed of two subunits, GyrA and GyrB, which are encoded on nonadjacent genes in E. coli (8, 10) . The GyrA subunit, which is inhibited by nalidixic acid and oxolinic acid, is responsible for the breakage and reunion activity of the enzyme (8, 30) ; the GyrB subunit is an ATPase which is inhibited by two structurally related antibiotics, novobiocin and coumermycin A1 (10, 19) . Increasingly more potent derivatives of nalidixic acid are pipemidic acid, ciprofloxacin, norfloxacin, and rosoxacin, all of which have a common target, the GyrA subunit (22) . DNA gyrase inhibitors have been shown to block the supercoiling activity of DNA gyrase in vivo and in vitro, and a specific correlation has been made between the coumermycin-induced loss of chromosomal superhelicity and inhibition of growth and DNA synthesis (6, 19, 20) .
Genetic transformation in Neisseria gonorrhoeae occurs in several distinct stages: binding of DNA, uptake of DNA, formation of a preintegration complex, and incorporation of the complex into the recipient genome. Competence in N. gonorrhoeae, or the ability to take up DNA, is constitutive in the piliated, virulent colony types 1 and 2 and persists throughout the growth cycle. Colony types 3 and 4 are noncompetent and avirulent (1, 3, 17) . The integration of donor DNA during transformation is achieved by a recombination event between a single-stranded donor DNA fragment and the recipient genome. The significance of negative supercoiling or DNA gyrase in recombination was realized upon the observation that closed circular lambda DNA without supercoils was an ineffective substrate for integrative recombination (16) . Moreover, the reduction in number of transformants produced by Streptococcus sanguis after exposure to coumermycin was correlated with a loss of titratable supercoils in the chromosome (18) .
In this study, we report differential effects of inhibitors of DNA gyrase on the genetic transformation of the gonococcus by various antibiotic resistance markers. The data support the notion that novobiocin-and norfloxacin-sensitive targets may be involved in the genetic transformation of N. gonorrhoeae, probably at the level of recombination. We presume these targets to be similar to the GyrA and GyrB proteins of E. coli. Possible mechanisms are discussed. Radiolabeling of DNA. Cells from overnight gonococcal agar plates were suspended in a diphasic growth medium (consisting of an upper GC broth phase and a lower GC medium base agar phase) at a density of 108 CFU/ml. After a 2-h lag period, [3H]adenine (specific activity, 15 to 20 Ci/ mmol) was added and the cells were incubated for one doubling (28) . DNA was extracted as outlined below.
MATERIALS AND METHODS
Transforming DNA preparation. The partially purified DNA used in this study was prepared by a modification of the method of Sparling (26), which consisted of sodium dodecyl sulfate lysis of cells followed by NaCl deproteinization and ethanol precipitation. In transformation experiments carried out with unlabeled DNA, concentration was determined by the diphenylamine assay of Burton (2) . Radiolabeled DNA, however, was placed in 2.0 ml of SSC (0.15 NaCl plus 0.015 sodium citrate) and incubated in the presence of 100 jxg of pancreatic RNase per ml at 37°C for 1 h. At the end of the incubation, 2.5 volumes of cold 95% ethanol were added and the precipitated DNA was placed in a final volume of 1.0 ml of SSC. After extensive dialysis against sodium citrate buffer, the DNA concentration was determined at 260 nm.
Transformation procedure. The transformation procedure was a modification of the method of Biswas et al. (1) . Cells of colony type 2 were scraped from 14-to 16-h gonococcal broth agar plates and resuspended in GC broth containing defined supplements 1 and 2. Cells (108) receiving drug treatment were incubated in the presence of the drug at 37°C for 30 min. At the end of the incubation period, 5.0 ml of gonococcal broth was added to the cells, which were vortexed and spun at 4,500 rpm for 5 min. Any additional washings or centrifugations resulted in cell killing. The cell pellet was resuspended in 1.0 ml of fresh broth and diluted 10-fold. Control cells were incubated without drug and treated similarly. To tubes containing 1 to 5 ,ug of DNA per ml and 2 x 10-4 M CaCl2, 2 x 107 to 5 x 107 drug-treated and untreated cells were added to allow DNA uptake. To terminate the reaction, 50 pLg of pancreatic DNase per ml was added to destroy unbound DNA. After a 10-min incubation period, 0.1-ml portions of serial dilutions were plated in triplicate onto antibiotic-free GC medium base agar. After 4 to 5 h of incubation at 37°C, plates received three overlays: 200 pug of streptomycin per ml to select for the Strr marker, 0.1 pug of rifampin per ml to select for the Rif' marker, and 0.3 jxg of fusidic acid per ml to select for the Fusr marker.
CFU and number of transformants were determined at 48 h. To determine whether the effect of novobiocin on transformation was at the level of DNA binding or post-DNA uptake, cells were allowed to take up radiolabeled DNA for 15 min and for 30 min at 37°C. After treatment with DNase to destroy unbound DNA, 10% trichloroacetic acid (TCA) was added to samples at 0°C for 30 min. Samples were washed onto membrane filters (type GC; Millipore Corp., Bedford, Mass.) with 5% TCA and 95% ethanol and air dried. DNase-resistant TCA-insoluble radioactivity was determined in a liquid scintillation spectrometer (Packard Instrument Co., Inc., Rockville, Md.).
Alkaline sucrose gradients. By using a modification of the method of McGrath and Williams (14) , a spheroplast suspension of prelabeled cells (108) was added to a layer of 0.5 N NaOH and 0.2% sodium dodecyl sulfate on top of 5.0-ml gradients of 5 to 20% sucrose containing 0.7 M NaCl, 0.3 N NaOH, 0.01 M EDTA, and a 60% sucrose shelf. After 10 min, tubes were centrifuged in an SW50.1 rotor (Beckman Instruments, Inc., Fullerton, Calif.) in a Beckman L5-50 ultracentrifuge at 30,000 rpm for 120 min at 20°C. 3H-labeled lambda DNA (double-strand mass of 3.3 x 107 daltons; single-strand mass of 1.65 x 107 daltons) was added to each gradient as a molecular weight marker. Six-drop fractions were collected on no. 1 chromatography paper strips (Whatman, Inc., Clifton, N.J.) and processed by the method of Carrier and Setlow (4). Radioactivity was determined in a Packard scintillation spectrometer.
Si nuclease digestion. S1 nuclease from Aspergillus ory- RESULTS Effect of novobiocin on transformation. When competent cells of N. gonorrhoeae (colony type 2) were exposed to novobiocin before the uptake of transforming DNA, transformation was inhibited (Table 1) . Maximum inhibition occurred at a drug concentration of 25 jig/ml, and there was no significapt difference in viable cell count determined at the titne of plating for control and drug-treated cells. Incubation of streptomycin-sensitive cells in the presence of novobiocin for 30 min before the uptake of Strr marker DNA resulted in a 60% reduction in transformant yield. The magnitude of inhibition was similar for both limited and full DNA uptake. Transformation by Fusr and Rif' marker DNA was inhibited by approximately 50%. Whether or not additional inhibition of transformation was possible by using a post-DNA uptake drug treatment protocol is not known, since repeated washings of the cells to remove residual traces of drug resulted in a log loss of cells.The data suggest that the production of these transformants may involve a novobiocin-sensitive target.
Effect of novobiocin on transformation in post-DNA uptake. DNA extracted from log-phase streptomycin-resistant cells (JN25) was used as the donor DNA in transformation experiments. After uptake of DNA into a DNase-resistant form, 10-fold serial dilutions of the reaction mixture were spread onto GC plates to determine transformants and CFU, and another portion was used to determine TCA-insoluble radioactivity after DNA uptake as outlined in Materials and Methods. The data in Table 2 show similarity in DNaseresistant TCA-insoluble counts between the drug-treated and control samples. However, there was an approximately 60% reduction in number of transformants produced by cells exposed to novobiocin compared with the number produced by untreated control cells. The data suggest that novobiocin probably has no effect on DNA binding and uptake but exerts its effect at a stage of transformation which is subsequent to the uptake of DNA into a DNase-resistant form.
Effect of a nov' mutation on transformation. A noVr mutant of N. gonorrhoeae produced a two-to threefold-higher transformant yield than did the parental strain (2686) ( Table  1 ). The increase in number of transformants was observed for both Strr and Fusr marker DNA but not for Rif' marker DNA. The molecular basis for this observation is not completely understood and may be related to intrinsic properties of these markers. Furthermore, when the mutant was incubated in the presence of novobiocin, there was no effect on the ability of the cells to produce transformants. The data suggest the possible involvement of a novobiocin-sensitive target at a stage post-DNA uptake in the production of streptomycin-, fusidic acid-, and rifampin-resistant transformants.
Effect of nalidixic acid and norfloxacin on transformation. When strain 2686 was exposed to increasing concentrations of nalidixic acid, there was little or no effect on the trans- On the basis of the premise that DNA gyrase is needed to maintain the chromosome in a superhelical state, one would expect that an inhibition of the enzyme would affect the degree of superhelicity of both chromosomal and plasmid DNA. When the DNA of competent cells of N. gonorrhoeae was subjected to neutral sucrose gradient analysis, however, folded chromosomes sedimented in a manner similar to that of relaxed chromosomes without negative supercoils. Moreover, there was no apparent effect of novobiocin on the sedimentation rate of these chromosomes (data not shown). In an effort to understand the basis of the already reduced sedimentation rate of supercoiled DNA from the competent colony type 2 cells, an analysis was made of single-stranded DNA from these cells. The data in Fig. 1 tion of transformation was subsequent to DNA uptake. In addition, exposure of nalidixic acid-sensitive cells to nalidixic acid before DNA uptake had no effect on transformant yield. Interestingly, norfloxacin, one of the most potent inhibitors of DNA gyrase and an analog of nalidixic acid, nearly abolished the production of transformants in the gonococcus. There was an approximate 95% reduction in the number of transformants after uptake of streptomycin resistance marker DNA.
The apparent drug-induced effects on the genetic transformation of N. gonorrhoeae may involve several phenomena: (i) effects on RecA synthesis and therefore alterations in RecA-mediated activities during homologous recombination, (ii) a DNA gyrase-mediated recombinational pathway, and (iii) effects on chromosomal superhelicity. Inhibitors of the A subunit of DNA gyrase in E. coli such as nalidixic acid and oxolinic acid are known to induce the RecA system (23, 24) . Furthermore, inhibitors of enzyme activity cause an increase in the synthesis of DNA gyrase (15) . Coumermycin and novobiocin both caused a 10-fold increase in the relative rate of synthesis of GyrA and GyrB, whereas nalidixic acid caused only a two-to threefold increase in synthesis. This induction of the GyrA and GyrB proteins by coumermycin was also accompanied by an induction of several other proteins, including RecA. However, there was a lack of stimulus on. RecA by novobiocin but instead an inhibition (15) . These-datalend-support-to the notion that--the novobiocin-induced inhibition of transformation in the gonococcus may relate to an inhibition of RecA synthesis and a subsequent decline in D-loop formation and branch migration during homologous recombination (25) . Moreover, the increased efficiency of antibiotic resistance markers in transforming a novobiocin-resistant mutant may be related to increased synthesis of the gyrase A or B protein, or both, in this mutant. A possible model which summarily explains these observations would consist of a DNA gyrase-RecAmediated pathway which effects strand exchange between homnologous segments of the chromosome. The prevalence of single-stranded regions in the DNA of colony type 2 cells is intriguing and reminiscent of similar regions in competent Haemophilus influenzae (13) which may represent pairing sites for incoming donor DNA molecules during recombination. Interestingly, it was reported that [3H]norfloxacin preferentially binds single-stranded regions of DNA rather than the A subunit of DNA gyrase (22) . Therefore, with these observations in mind, the inhibitory effect of norfloxacin.on transformation may result from a primary interaction of the drug with the single-stranded regions of DNA in VOL. 32, 1988 on August 14, 2017 by guest http://aac.asm.org/ Downloaded from competent cells. Further, drug-binding sites may be the binding sites for DNA gyrase or a similar enzyme involved in recombination. The precise mechanism by which DNA gyrase or a similar enzyme may be involved in the genetic transformation of the gonococcus is still unclear. However, an attractive speculation is the idea that a norfloxacinsensitive target bound to single-stranded regions in the DNA of the gonococcus may help mediate strand exchange during recombination in this organism. Moreover, such regions may result from the gene rearrangements and gene switching which have been reported to occur in the pilin-coding region of the gonococcal genome (27) , a proposed hot spot for recombination (21) . Interestingly, the proteins that are used to achieve gene rearrangements and gene switching may be similar to proteins that are used by the gonococcus during genetic transformation. Such proteins may be similar to the E. coli A and B subunits of DNA gyrase and therefore targets for inhibitors of the enzyme. An alternate explanation of these data, however, may involve drug-induced alterations in the superhelical density of the gonococcal chromosome (11) .
